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(57) ABSTRACT 

A semiconductor device array comprising highly densely 
arranged nano-siZe semiconductor devices is prepared by a 
simple method. The array comprises a porous body having 
cylinder-shaped pores formed by removing cylinder-shaped 
regions from a structure that includes a matrix member 
formed so as to contain silicon or germanium and the 
cylinder-shaped regions containing aluminum and dispersed 
in the matrix member, semiconductor regions formed in the 
pores, each having at least a p-n or p-i-n junction, and a pair 
or electrodes, arranged respectively on the top and at the 
bottom of the semiconductor regions. The semiconductor 
regions and the pair of electrodes form a plurality of 
semiconductor devices on a substrate. 
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SEMICONDUCTOR DEVICE AND METHOD OF 
MANUFACTURING THE SAME 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to a semiconductor device 
and a method of manufacturing the same. More particularly, 
the present invention relates to a novel semiconductor 
device applicable to a surface emission light emitting 
device, an emission type display apparatus and an image 
sensor and also to a method of manufacturing such a 
semiconductor device. 

[0003] 2. Related Background Art 

[0004] Conventionally, arrays of semiconductor devices 
such as diodes and transistors are prepared by regularly 
arranging semiconductor device chips that are manufactured 
individually and connecting them With Wires. HoWever, in 
the trend of doWnsiZing and highly integrating electronic 
equipment in recent years, semiconductor devices are 
required to be arranged highly densely to form sophisticated 
single chips. 

[0005] For example, the individual diodes of a photodiode 
array that is used for a light detecting section of a CCD chip 
mounted in an area image sensor minimally have a side as 
small as 3 pm. The design rule for the most advanced 
semiconductor processes that are used for CPUs operating as 
brains of personal computers and DRAMs, Which are 
sophisticated memories, refers to 0.13 pm. This signi?es that 
0.13 pm is the loWest limit for structures that can be prepared 
on a commercial basis at present by means of semiconductor 
processing techniques using photolithography. 

[0006] KnoWn methods for preparing micro-structures 
include those for directly preparing micro-structures by 
means of a semiconductor processing technique such as 
micro-pattern forming technique that typically utiliZes pho 
tolithography using light With a shorter Wavelength, electron 
beam exposure or X-ray exposure. 

[0007] MeanWhile, apart from above-described semicon 
ductor processing techniques, techniques of utiliZing the 
phenomenon of self-organiZation of materials are also 
knoWn. Such techniques are intended to realiZe novel micro 
structures on the basis of a regular structure that is formed 
in the course of nature. 

[0008] Research efforts are being paid for developing 
techniques of utiliZing the phenomenon of self-organiZation 
because such techniques appear to be very promising for 
easily realiZing micro-structures in the order of micrometer 
or nanometer. 

[0009] AnodiZation is a technique for effectively forming 
nano-structures having nano-siZed pores over a large area in 
a Well-controlled manner. For example, anodiZed alumina 
that is prepared by anodiZing aluminum in an acidic bath is 
knoWn. 

[0010] As for anodiZation of aluminum, a porous oxide 
?lm coat (anodiZed alumina) is formed When an aluminum 
plate or an aluminum ?lm formed on a substrate is anodiZed 
in an acidic electrolyte. (See R C. Furneaux, W. R. Rigby & 
A. P. Davidson, Nature, Vol. 337, P147 (1989).) Such a 
porous oxide ?lm coat is characteriZed by having a peculiar 
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geographic structure Where very small cylindrical pores 
(nano-holes) of a diameter betWeen tens to hundreds of 
several nanometers are arranged in parallel at intervals (cell 
siZe) of also tens to hundreds of several nanometers. When 
the gap separating the pores is tens of several nanometers or 
more, the pores shoW a high aspect ratio and their diameters 
are relatively highly uniform if vieWed in cross section. The 
diameters and the intervals of the pores can be controlled to 
a certain extent by selecting the type of acid and regulating 
the voltage for anodiZation. Speci?cally, the intervals of the 
pores can be reduced by loWering a voltage. On the other 
hand, the thickness of the anodiZed ?lm coat and the depth 
of the pores can be controlled to a certain extent by con 
trolling the time for anodiZation. 

[0011] Attempts are being made to apply anodiZation to 
various technical ?elds including coloring, magnetic record 
ing mediums, EL light emitting elements, electro-chromic 
elements, optical elements, solar cells and gas sensors by 
using a technique of ?lling metal or semiconductor in the 
anodiZed nano-holes or a nano-hole replica technique. Fur 
thermore, expectations are high for applying anodiZation to 
other technical ?elds including quantum effect devices such 
as quantum Wires and MIM devices and molecule sensors 
using nano-holes as ?elds of chemical reactions (Masuda 
“Solid-state Physics” 31, 493 (1996)). Besides, Japanese 
Patent Application Laid-Open No. 2001-162600 proposes a 
light emitting device that is formed by burying ZnO in 
alumina nano-holes to shoW different intensities in the 
Wavelengths of emitted light betWeen in the direction par 
allel to and in the direction perpendicular to the substrate. 

[0012] As an example of a process for forming micro 
structures except for a process using nano-holes, Japanese 
Patent Application Laid-Open No. H10-321834 discloses a 
method of forming a Wire-shaped agglomerate of metal 
micro-particles by utiliZing the phenomenon that metal 
micro-particles are apt to be bonded together in a self 
organiZing manner due to their electric or magnetic inter 
actions. 

[0013] There is a report that single crystal nano-Wires of 
p-type and n-type indium-phosphor are prepared by means 
of a vapor-liquid-solid (VLS) method of groWing nano 
Wires in a self-organiZing manner, using micro-particles of 
gold or the like as catalyst, and brought into contact With 
each other to cause them emit light (M. Lieber et al., Nature, 
Vol. 409, P66 (2001)). 
[0014] NoW, as the demand increases for devices such as 
CCDs formed by incorporating semiconductor parts and 
made to be more doWnsiZed and sophisticated, semiconduc 
tor processing techniques such as lithography are required to 
shoW a precision level of 0.1 pm or higher. HoWever, When 
deep ultraviolet rays or X-rays Whose Wavelength is even 
shorter are used for the light source, there arises a problem 
that preparation of a scaling doWn optical system is difficult 
and the light source inevitably has large dimensions. In the 
case of electron beam lithography, the draWing speed is loW. 

[0015] As pointed out above, dif?culties dramatically 
increase to processes of directly preparing micro-structures 
as the siZe of individual elements diminishes by means of 
conventional semiconductor processing techniques includ 
ing micro-pattern forming techniques such as photolithog 
raphy. 
[0016] Furthermore, processes of directly manufacturing 
micro-structures by means of semiconductor processing 
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techniques are accompanied by additional problems includ 
ing a poor yield and a high capital investment level. There 
fore, there is a demand for techniques that can prepare 
micro-structures by a simple technique With an enhanced 
level of reproducibility. 

[0017] It is, therefore, an object of the present invention to 
provide a semiconductor device of a siZe of the order of 
nanometers that can expect a quantum effect and an array of 
such semiconductor devices. 

[0018] Another object of the present invention is to pro 
vide a method of manufacturing a high density semiconduc 
tor device and a device formed by using such an array. 

SUMMARY OF THE INVENTION 

[0019] In vieW of the above identi?ed circumstances, the 
inventors of the present invention made various research 
efforts for the above problems and found that semiconductor 
nano-devices can be formed and arranged highly densely by 
using a novel nano-structure material that can be used to 
form cylinder-shaped structures having a siZe in the order of 
nanometer. The present invention is based on this ?nding. 

[0020] In the ?rst aspect of the present invention, there is 
provided a semiconductor device array formed by arranging 
a plurality of semiconductor devices on a substrate, the 
device array comprising: a porous body having cylinder 
shaped pores and formed by removing cylinder-shaped 
regions from a structure including a matrix member com 
prising a second ingredient capable of forming a eutectic 
crystal With a ?rst ingredient and the cylinder-shaped 
regions comprising the ?rst ingredient and dispersed in the 
matrix member; semiconductor regions formed in the pores, 
each of the semiconductor regions having at least a p-n 
junction or a p-i-n junction; and a pair of electrodes arranged 
as sandWiching the semiconductor regions. 

[0021] In the second aspect of the present invention, there 
is provided a semiconductor device array formed by arrang 
ing a plurality of semiconductor devices on a substrate, the 
device array comprising: semiconductor regions formed by 
?lling a semiconductor material into cylinder-shaped pores 
of a porous body, the porous body being formed by remov 
ing cylinder-shaped regions from a structure including a 
matrix member comprising a second ingredient capable of 
forming a eutectic crystal With a ?rst ingredient and the 
cylinder-shaped regions comprising the ?rst ingredient and 
dispersed in the matrix member, and subsequently removing 
the matrix member, each of the semiconductor regions 
having at least a p-n junction or a p-i-n junction; and a pair 
of electrodes arranged as sandWiching the semiconductor 
regions. 

[0022] For the purpose of the present invention, the semi 
conductor devices are preferably diodes, Which may be 
light-emitting diodes or photodiodes. Alternatively, the 
semiconductor devices may be transistors, phototransistors 
in particular. 

[0023] For the purpose of the present invention, the porous 
body is preferably thin and ?lm-shaped. 

[0024] A device array according to the invention is pref 
erably obtained by chemically treating the porous body and 
subsequently preparing the semiconductor devices in the 
pores. Preferably, the chemical treatment is oxidation. 
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[0025] For the purpose of the present invention, the ratio 
of the second ingredient of the matrix member of the porous 
body relative to the structure is preferably not smaller than 
20 atomic % and not greater than 70 atomic %. Preferably, 
the ?rst ingredient of the cylinder-shaped regions is alumi 
num and the second ingredient of the matrix member is 
silicon or germanium. 

[0026] For the purpose of the present invention, the prin 
cipal ingredient of the porous body is preferably silicon or 
germanium. 
[0027] For the purpose of the present invention, the diam 
eter of the semiconductor devices is preferably not smaller 
than 0.5 nm and not greater than 15 nm, more preferably not 
smaller than 1 nm and not greater than 10 nm. 

[0028] For the purpose of the present invention, the inter 
vals of arrangement of the semiconductor devices is pref 
erably not greater than 15 nm, more preferably not smaller 
than 3 nm and not greater than 10 nm. 

[0029] For the purpose of the present invention, the cyl 
inder-shaped regions are preferably made of a crystalline 
material and the matrix member is preferably made of an 
amorphous material. 

[0030] In the third aspect of the present invention, there is 
provided a method of manufacturing a semiconductor device 
array comprising: 

[0031] (a) a step of arranging an electrode on a 
substrate; 

[0032] (b) a step of forming a structure including a 
matrix member containing a second ingredient 
capable of forming a eutectic crystal With a ?rst 
ingredient and cylinder-shaped regions containing 
the ?rst ingredient and dispersed in the matrix mem 
ber on the substrate; 

[0033] (c) a step of removing the cylinder-shaped 
regions; 

[0034] (d) a step of forming semiconductor regions, 
each having at least a p-n junction or a p-i-n junction, 
in the cylinder-shaped pores obtained as a result of 
the above removing step; 

[0035] (e) a step of forming another electrode on the 
top of the structure in Which the semiconductor 
regions are formed. 

[0036] For the purpose of the present invention, etching is 
preferably used for the removing step. 

[0037] A method of manufacturing a semiconductor 
device array according to the invention may further com 
prise a step of chemically treating the matrix member 
containing the second ingredient after the step of removing 
the cylinder-shaped regions. 

[0038] Preferably, the chemical treatment is oxidation. 

[0039] A method of manufacturing a semiconductor 
device array according to the invention may further com 
prise a step of increasing the pore diameter of the cylinder 
shaped pores after the step of removing the cylinder-shaped 
regions. 
[0040] A method of manufacturing a semiconductor 
device array according to the invention may further com 
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prise a step of removing the matrix member surrounding the 
cylinder-shaped regions after the step of forming another 
electrode on the top of the structure. 

[0041] A chemical vapor phase deposition (CVD) method 
is preferably used for the step of forming semiconductor 
regions. 

[0042] For the purpose of the present invention, the step of 
forming semiconductor regions is preferably performed by 
means of a catalytic reaction after forming a catalyst at the 
bottoms of the pores. 

[0043] A method of manufacturing a semiconductor 
device according to the invention comprises a step of 
preparing a structure including a plurality of cylinder-shaped 
members and a region surrounding the cylinder-shaped 
members, a step of forming a porous body having cylinder 
shaped pores by removing the cylinder-shaped members 
from the structure and a step of introducing a material into 
the pores of the porous body and forming p-n or p-i-n 
junctions. 

[0044] A semiconductor device according to the present 
invention is obtained by forming p-n junctions or p-i-n 
junctions in a porous body obtained by removing cylinder 
shaped members from a structure including the cylinder 
shaped members and a region surrounding the cylinder 
shaped members. 

[0045] For the purpose of the present invention, the cyl 
inder-shaped members formed so as to contain a ?rst mate 
rial are surrounded by the region formed so as to contain a 
second material in the structure and the structure contains 
the second material at a ratio not smaller than 20 atomic % 
and not greater than 70 atomic % relative to the total 
quantity of the ?rst material and the second material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0046] FIGS. 1A and 1B schematically illustrate semi 
conductor devices having a p-n junction; 

[0047] FIGS. 2A and 2B schematically illustrate semi 
conductor devices having a p-i-n junction; 

[0048] FIGS. 3A and 3B schematically illustrate semi 
conductor devices having tWo p-n junctions; 

[0049] FIGS. 4A, 4B, 4C, 4C‘, 4D and 4E schematically 
illustrate a method of manufacturing a semiconductor 

device; 

[0050] FIGS. 5A and 5B schematically illustrate a diode 
array prepared in Example 1; 

[0051] FIG. 6 is a graph illustrating the relationship 
betWeen the voltage and the electric current of the diode 
prepared in Example 1; 

[0052] FIG. 7 is a graph illustrating the relationship 
betWeen the luminance of irradiated light and the electric 
current of the diode prepared in Example 1; 

[0053] FIG. 8 is a graph illustrating the relationship 
betWeen the luminance of irradiated light and the electric 
current of the phototransistor prepared in Example 6; and 

[0054] FIG. 9 is a schematic illustration of a method of 
preparing a structure according to the invention. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0055] NoW, the present invention Will be described in 
greater detail by referring to the accompanying draWings 
that illustrate preferred embodiments of the invention. 

[0056] Before describing the embodiments, ?rstly a struc 
ture including a matrix member comprising a second ingre 
dient (material) capable of forming a eutectic crystal With a 
?rst ingredient (material) and cylinder-shaped regions com 
prising the ?rst ingredient and dispersed in the matrix 
member that is used for the purpose of the invention Will be 
described. (Experiment: ?rst material Al, second material Si) 

[0057] Aluminum Wires Were prepared as a structure 
including aluminum pillars as so many aluminum parts of 
the structure and a silicon part surrounding the cylinder 
shaped aluminum pillars, of Which the aluminum pillars had 
a diameter 2r of 3 nm and a length L of 200 nm and Were 
arranged in such a Way that each pillar Was separated from 
adjacent pillars by an international distance a gap 2R of 7 
nm. 

[0058] The aluminum Wires Were prepared in a manner as 
described beloW. 

[0059] An aluminum/silicon mixture ?lm containing sili 
con by 55 atomic % relative to the total quantity of alumi 
num and silicon Was formed to a thickness of about 200 nm 

on a glass substrate by RF magnetron sputtering. A target 
formed by placing eight 15 mm-squre silicon chips 13 on a 
4-inch aluminum target Was used. The sputtering operation 
Was conducted by using an RF poWer source under the 
condition of an Ar ?oW rate: 50 sccm, a discharge pressure: 
0.7 Pa and a making poWer: 1 kW. The substrate Was held 
to room temperature. 

[0060] While the target Was formed by placing eight 15 
mm-squre silicon chips 13 on an aluminum target in this 
experiment, the number of silicon chips is not limited to 
eight and may be varied depending on the sputtering con 
dition so long as the formed aluminum/silicon mixture ?lm 
contains silicon by about 55 atomic %. The target is not 
limited to one obtained by placing silicon chips on an 
aluminum target. Alternatively, a target formed by placing 
aluminum chips on a silicon target or a target formed by 
sintering poWdery silicon and poWdery aluminum may be 
used. 

[0061] Then, the obtained aluminum/silicon mixture ?lm 
Was analyZed for the partial quantity (atomic %) of silicon 
relative to the total quantity of aluminum and silicon by 
means of ICP (inductively coupled plasma emission spec 
trometry). As a result, the partial quantity of silicon relative 
to the total quantity of aluminum and silicon Was found to 
be about 55 atomic %. Note that, in this experiment, the 
aluminum/silicon mixture ?lm Was deposited on a carbon 
substrate for the convenience of analysis. 

[0062] Thereafter, the aluminum/silicon mixture ?lm Was 
observed through an FE-SEM (?eld emission scanning 
electron microscope). When the surface Was vieWed from 
right above the substrate, it Was found that circular alumi 
num nano-structure parts Were tWo dimensionally arranged 
and surrounded by silicon there. The aluminum nano-struc 
ture parts had a diameter of 3 nm and the average distance 
betWeen the centers of adjacently located aluminum nano 
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structure parts Was 7 nm. When a cross section of the 
specimen Was observed through an FE-SEM, it Was found 
that the aluminum nano-structure parts had a length of 200 
nm and Were independent from each other. 

[0063] When the specimen Was observed by X-ray dif 
fractometry, no silicon peaks that shoW crystallinity of 
silicon Were found to prove that the silicon of the specimen 
Was amorphous. 

[0064] Thus, an aluminum/silicon nano-structure includ 
ing aluminum Wires having a diameter 2r of 3 nm and a 
length L of 200 nm, each being separated from adjacent 
pillars by a distance 2R of 7 nm, and surrounded by silicon 
Was obtained. 

[0065] (Experiment for Comparison) 

[0066] As specimen A for comparison, an aluminum/ 
silicon mixture ?lm containing silicon by 15 atomic % 
relative to the total quantity of aluminum and silicon Was 
formed to a thickness of about 200 nm on a glass substrate 
by sputtering. A target formed by placing tWo 15 mm-squre 
silicon chips 13 on a 4-inch aluminum target Was used. The 
sputtering operation Was conducted by using an RF poWer 
source under the condition of an Ar ?oW rate: 50 sccm, a 
discharge pressure: 0.7 Pa and a making poWer: 1 kW. The 
substrate Was held to room temperature. 

[0067] Thereafter, the specimen A Was observed through 
an FE-SEM. When the surface Was vieWed from right above 
the substrate, it Was found that the aluminum nano-structure 
parts Were not circular but appeared like ropes. In other 
Words, a nano-structure in Which cylinder-shaped aluminum 
structure parts Were uniformly dispersed in a silicon region 
Was not obtained. The siZe of the cylinder-shaped aluminum 
structure parts by far exceeded 10 nm. When a cross section 
of the specimen Was observed through an FE-SEM, it Was 
found that the aluminum nano-structure parts had a Width 
exceeding 15 nm. The obtained aluminum/silicon mixture 
?lm Was analyZed for the partial quantity (atomic %) of 
silicon relative to the total quantity of aluminum and silicon 
by means of ICP. As a result, the partial quantity of silicon 
relative to the total quantity of aluminum and silicon Was 
found to be about 15 atomic %. 

[0068] Additionally, as specimen B for comparison, an 
aluminum/silicon mixture ?lm containing silicon by 75 
atomic % relative to the total quantity of aluminum and 
silicon Was formed to a thickness of about 200 nm on a glass 
substrate by sputtering. A target formed by placing fourteen 
15 mm-squre silicon chips 13 on a 4-inch aluminum target 
Was used. The sputtering operation Was conducted by using 
an RF poWer source under the condition of an Ar ?oW rate: 
50 sccm, a discharge pressure: 0.7 Pa and a making poWer: 
1 kW. The substrate Was held to room temperature. 

[0069] Thereafter, the specimen B Was observed through 
an FE-SEM. When the surface Was vieWed from right above 
the substrate, no aluminum parts Were found. When a cross 
section of the specimen Was vieWed through an FE-SEM, no 
aluminum parts Were clearly observed. The obtained alumi 
num/silicon mixture ?lm Was analyZed for the partial quan 
tity (atomic %) of silicon relative to the total quantity of 
aluminum and silicon by means of ICP. As a result, the 
partial quantity of silicon relative to the total quantity of 
aluminum and silicon Was found to be about 75 atomic %. 
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[0070] Aluminum/silicon mixture ?lm specimens contain 
ing silicon respectively by 20 atomic %, 35 atomic %, 50 
atomic %, 60 atomic % and 70 atomic % relative to the total 
quantity of aluminum and silicon Were formed under the 
condition same as that of specimenAfor comparison except 
that different number of silicon chips Were used. In the table 
beloW, specimens in Which cylinder-shaped aluminum struc 
ture parts Were uniformly dispersed are marked by 0, 
Whereas those in Which cylinder-shaped aluminum structure 
parts Were not uniformly dispersed are marked by x. 

TABLE 1 

silicon ratio (atomic %) nano-structure 

15 (specimen A for comparison) 

940000000094 75 (specimen B for comparison) 

[0071] Thus, the diameter of the produced aluminum 
nano-structure structure parts can be controlled by regulat 
ing the partial quantity of silicon relative to the total quantity 
of aluminum and silicon so as to be not smaller than 20 
atomic % and not greater than 70 atomic %. With this 
arrangement, it is possible to produce highly linear alumi 
num Wires. A TEM (transmission electron microscope) or 
the like may be used to observe the structure of the produced 
nano-structure in place of an SEM. The above statement 
about the silicon content also applies When silicon is 
replaced by germanium or a mixture of silicon and germa 
nium is used. 

[0072] Still additionally, as specimen C for comparison, an 
aluminum/silicon mixture ?lm containing silicon by 55 
atomic % relative to the total quantity of aluminum and 
silicon Was formed to a thickness of about 200 nm on a glass 
substrate by sputtering. A target formed by placing eight 15 
mm-squre silicon chips 13 on a 4-inch aluminum target Was 
used. The sputtering operation Was conducted by using an 
RF poWer source under the condition of an Ar ?oW rate: 50 
sccm, a discharge pressure: 0.7 Pa and a making poWer: 1 
kW. The substrate Was held to 250° C. 

[0073] Thereafter, the specimen C Was observed through 
an FE-SEM. When the surface Was vieWed from right above 
the substrate, no clear boundaries of aluminum and silicon 
Were found. In other Words, no aluminum/silicon nano 
structure parts Were found. It may be safe to assume that, 
When the substrate temperature is too high, the deposited 
?lm is moved into a more stable state to prevent groWth of 
a ?lm adapted to form aluminum nano-structure parts. 

[0074] Preferably, the composition of the target can also 
be selected to shoW a ratio of Al:Si=55:45 for the purpose of 
producing a structure including dispersed cylinder-shaped 
members. 

[0075] NoW, the present invention Will be described by 
Way of embodiments. 

[0076] FIGS. 1A and 1B schematically illustrate a semi 
conductor device Which is an array of diodes each having a 
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single p-n junction that can be used for the purpose of the 
present invention. FIG. 1A is a schematic plan vieW and 
FIG. 1B is a schematic cross sectional vieW taken along line 
1B-1B in FIG. 1A. In FIGS. 1A and 1B, reference symbol 
1a denotes p-type semiconductor parts and reference symbol 
1b denotes p-n junction planes, Whereas reference symbol 1c 
denotes n-type semiconductor parts. These parts form the 
semiconductor parts 1 (semiconductor regions) of the 
diodes. The semiconductor parts of the diodes are formed in 
respective pores of a porous thin ?lm. The porous thin ?lm 
is produced as cylinder-shaped regions are removed from a 
thin ?lm that comprises a plurality of ingredients capable of 
forming a eutectic crystal With each other and in Which an 
ingredient forms cylinder-shaped nano-structure parts and 
dispersed in a matriX member of another ingredient. The 
pores of the porous thin ?lm are independent from each 
other and substantially perpendicular relative to the sub 
strate. Therefore, the semiconductor parts 1 of the diodes are 
separated from each other by the matriX member 2. The ?lm 
formed from the plurality of materials capable of forming a 
eutectic crystal is produced on the substrate 3 on Which a 
loWer electrode 4 is placed, Whereas an upper electrode 5 is 
formed on top of the thin ?lm. Instead of placing a loWer 
electrode 4 on the substrate 3, an entirely electro-conductive 
substrate may be used so as to make it also operate as loWer 
electrode. 

[0077] While FIGS. 1A and 1B shoW diodes each having 
a single p-n junction, diodes formed in respective pores and 
each having a p-i-n junction as shoWn in FIGS. 2A and 2B 
or transistors each having tWo p-n junctions as shoWn in 
FIGS. 3A and 3B are also found Within the scope of the 
present invention. The symbol i in the above expression of 
p-i-n junction stands for intrinsic semiconductor. Note that 
p-i-n junctions are used to enhance the light emitting ef? 
ciency of light emitting diodes or the like. In FIGS. 2A and 
2B, there are shoWn semiconductor parts of diodes 11 
including p-type semiconductor parts 11a, p-i junction 
planes 11b, intrinsic semiconductor parts 11c, i-n junction 
planes 11d and n-type semiconductor parts 116. In FIGS. 3A 
and 3B, there are shoWn semiconductor parts of transistors 
21 including p-type semiconductor parts 21a, p-n junction 
planes 21b, n-type semiconductor parts 21c, p-n junction 
planes 21d and p-type semiconductor parts 216. The p-type 
semiconductor parts and n-type semiconductor parts in 
FIGS. 1A through 3B may be inversely arranged. 

[0078] The pores of a semiconductor device according to 
the invention may shoW a substantially circular pro?le as 
illustrated in FIGS. 1A, 2A and 3A or some other appro 
priate pro?le such as elliptic When vieWed from above 
relative to the substrate. 

[0079] When vieWed in cross section running through the 
substrate, the semiconductor parts of a semiconductor 
device according to the invention may shoW a rectangular 
pro?le as illustrated in FIGS. 1B, 2B and 3B or a square 
pro?le, Which can be realiZed When the ?lm thickness is 
reduced. Alternatively, they may be made to shoW a pro?le 
of frustum or an oblong hexagonal pro?le by selecting an 
appropriate process for preparing the nano-structures. The 
(average) diameter 2r of the semiconductor parts of a 
semiconductor device according to the invention is not 
smaller than 0.5 nm and not greater than 15 nm, Whereas the 
(average) distance 2R betWeen adjacent pores is not greater 
than 15 nm. Preferably, the diameter 2r is betWeen 1 and 10 
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nm and the distance 2R is betWeen 3 and 10 nm. The length 
L of the semiconductor parts of a semiconductor device 
(array) according to the invention is betWeen 2 nm and 
several pm, preferably betWeen 5 nm and 1,000 nm. If they 
shoW an elliptic pro?le, it is suf?cient for the major aXis of 
the ellipse to be found Within the above cited range. The 
average diameter as used herein refers to the value that can 
be obtained When the pores (in an area of about 100 nm><70 
nm) shoWn on a SEM photograph are subjected to an image 
processing operation of a computer. 

[0080] The cylinder-shaped pro?le of the semiconductor 
parts of a semiconductor device (array) according to the 
invention may have an aspect ratio (length L/pore diameter 
2r) so long as their dimensions meet the above requirements, 
although the desirable aspect ratio (length L/pore diameter 
2r) is betWeen 0.5 and 1,000. 

[0081] It should be noted here that a semiconductor device 
according to the invention refers to a plurality of semicon 
ductor devices that are handled as a set of semiconductor 
devices to Which upper and loWer electrode are connected 
respectively at the top and the bottom thereof. Thus, the 
semiconductor devices are formed as a single semiconductor 
device, or a semiconductor device array, because it is not 
possible to Wire the individual semiconductor devices With 
the state of the art lithography technology as pointed out 
earlier in “Related Background Art”. 

[0082] NoW, the steps of preparing a semiconductor 
device according to the invention Will be described beloW in 
detail by referring to FIGS. 4A through 4E, Which corre 
spond to steps (a) through (e) beloW. 

[0083] (a) Preparation of LoWer Electrode 

[0084] An electrode 30 is prepared on a substrate 31 on 
Which semiconductor devices are to be formed as shoWn in 
FIG. 4A. Any process may be used to prepare the electrode 
30 so long as it involves depositing metal on the substrate by 
evaporation to produce the electrode 30. While no patterning 
operation is necessary, the semiconductor devices on the 
substrate can be driven individually When the electrode is 
subjected to patterning. 

[0085] Any material may be used for the substrate so long 
as it Withstands the process for preparing a semiconductor 
device according to the invention. For eXample, a silicon 
Wafer or a glass substrate may advantageously be used. The 
substrate does not necessarily have to have a smooth plate 
shaped pro?le. In other Words, the substrate is not subjected 
to any speci?c limitations and a substrate having a curved 
surface or one having surface undulations or steps of certain 
eXtent may alternatively be used so long as it is not disad 
vantageous for preparing semiconductor devices on it. 

[0086] Furthermore, any material may be used for the 
loWer electrode that is placed on the surface of the substrate 
so long as it Withstands the process for preparing a semi 
conductor device according to the invention. For eXample, 
gold or platinum may advantageously be used for the loWer 
electrode. 

[0087] (b) Preparation of Nano-Structure 

[0088] Then, as shoWn in FIG. 4B, 3 thin ?lm 33 is 
formed for a nano-structure on the substrate 31, Which may 
carry a loWer electrode 30 thereon or be electrically con 
ductive. For the purpose of the present invention, a nano 
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structure refers to a material in Which a ?rst ingredient in the 
form of nano-pillars is dispersed in the matrix of a second 
ingredient. The inventors of the present invention have 
found as a result of research efforts that such a structure can 
be formed by substances of a eutectic system. 

[0089] While no limitations are imposed on the plurality 
of ingredients that shoW a eutectic relationship, it has been 
found that a nano-structure Which meets the objective of the 
present invention can be formed When aluminum is selected 
for the ?rst ingredient and silicon or germanium (or a 
mixture of silicon and germanium) is selected for the second 
ingredient of the plurality of ingredient. 

[0090] The ?rst and second ingredients can form a nano 
structure that meet the objective of the present invention 
When they are put into a non-equilibrium state. This is 
because a nano-structure region 33 of the tWo ingredients 
that is prepared by Way of a ?lm forming process of forming 
a substance in a non-equilibrium state becomes to shoW a 
eutectic type texture Where the tWo ingredients are in a 
metastable state and eventually separate from each other in 
a self-organiZing manner in such a Way that the ?rst ingre 
dient forms nano-structure parts 32 having a diameter of the 
level of several nm and surrounded by the second ingredient 
region 34. 

[0091] A typical technique for bringing them into a non 
equilibrium state is sputtering. A non-equilibrium state of 
the ?rst and second ingredients that are used as raW materials 
is realiZed as a chip 92 of the second ingredients is arranged 
on a target of the ?rst ingredient 91 as shoWn in FIG. 9. The 
chip of the second ingredient may be divided into a plurality 
of chips or a single chip may be used Without dividing. 
HoWever, it should be noted that the ?rst ingredient is 
preferably placed symmetrically relative to the substrate 93 
(e.g., concentrically) in order to uniformly disperse the 
cylinder-shaped structure parts of the ?rst ingredient in the 
second ingredient region. Alternatively, a baked mixture 
prepared by baking poWder of a predetermined quantity of 
the ?rst ingredient and that of the second ingredient may be 
used as target material for preparing the nano-structure. Still 
alternatively, a target of the ?rst ingredient and that of the 
second ingredient may be arranged separately for simulta 
neous sputtering. 

[0092] The partial quantity of the second ingredient in the 
formed ?lm is typically 20 to 70 atomic %, preferably 25 to 
65 atomic %, more preferably 30 to 60 atomic % relative to 
the total quantity of the ?rst and second ingredients When the 
?rst ingredient is aluminum and the second ingredient is 
silicon or germanium. When the quantity of silicon or 
germanium is Within the above de?ned range, it is possible 
to obtain an aluminum/silicon or aluminum/germanium 
nano-structure in Which cylinder-shaped aluminum structure 
parts are dispersed in a silicon or germanium region. 

[0093] For the purpose of the present invention, atomic % 
for indicating the content ratio of aluminum or that of silicon 
refers to the number percentage of atoms of silicon or 
aluminum and may also be expressed as at %. It is typically 
determined by quantitative analysis of silicon and aluminum 
in an aluminum/silicon mixture ?lm by means of inductively 
coupled plasma emission spectrometry. 

[0094] While atomic % is used as unit to express the 
content ratio of aluminum or silicon, Weight percentage (Wt 
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%) may alternatively be used. Then, a silicon content ratio 
of not smaller than 20 atomic % and not greater than 70 
atomic % Will be paraphrased into not smaller than 20.65 Wt 
% and not greater than 70.84 Wt %. (Atomic % is reduced 
into Wt % by determining the Weight ratio of Al and Si, using 
atomic Weights of 26.982 and 28.086 respectively forAl and 
Si, and substituting the terms of the formula of (Weight 
ratio)><(atomic %) by the obtained corresponding values). 
[0095] The substrate temperature is preferably not higher 
than 200° C. Preferably, it is Within a temperature range 
betWeen room temperature and 150° C., more preferably 
from 100° C. to 150° C. 

[0096] When aluminum is selected for the ?rst ingredient 
and silicon or germanium is selected for the second ingre 
dient and a nano-structure is formed by means of the above 
described technique, aluminum and silicon or germanium 
form a metastable eutectic texture, in Which aluminum 
forms nano-structure parts (cylinder-shaped structure parts) 
in the order of several nm in a matrix of silicon or germa 
nium, Whichever appropriate, and aluminum and silicon or 
germanium, Whichever appropriate, separate from each 
other in a self-organiZing manner. Then, the nano-structure 
parts of aluminum shoW a substantially cylinder-shaped 
pro?le With a diameter betWeen 1 and 15 nm and the 
distance separating adjacent nano-structure parts of alumi 
num is betWeen 3 and 15 nm. 

[0097] The diameter of the pillars of aluminum can be 
made to vary as a function of the height to make them shoW 
a frusto-conical pro?le or a spindle-shaped pro?le by chang 
ing the substrate temperature and/or the making poWer 
during the sputtering process. 

[0098] The silicon or germanium content ratio of the 
aluminum/silicon or aluminum/germanium nano-structure 
can be controlled by selecting the quantity of the silicon or 
germanium chips on the aluminum target. 

[0099] When forming ?lm in a non-equilibrium state 
particularly by means of sputtering, causing argon gas to 
?oW, the pressure in the reactor is preferably betWeen 0.2 
and 1 Pa and the poWer for producing plasma is preferably 
betWeen about 150 and 1,000 W provided that a 4-inch target 
is used. HoWever, the present invention is by no means 
limited to those numerical values so long as the pressure and 
the poWer can produce argon plasma on a stable basis. 

[0100] While sputtering is most preferably used for form 
ing ?lm of a substance in a non-equilibrium state, other 
techniques for forming ?lm in a non-equilibrium state such 
as resistance heat evaporation and electron beam evapora 
tion (EB evaporation) are also applicable. Sputtering may be 
magnetron sputtering, RF sputtering, ECR sputtering or DC 
sputtering. 

[0101] For the purpose of the present invention, a simul 
taneous ?lm forming process of forming the ?rst and second 
ingredients at the same time may be used. Alternatively, a 
multilayer ?lm forming process of forming several atomic 
layers for each of the ?rst ingredient and the second ingre 
dient may be used. 

[0102] The nano-structure region 33 of the ?rst and second 
ingredients formed as a result of the above described ?lm 
forming process includes cylinder-shaped structure parts 32 
containing the ?rst ingredient as principal ingredient and a 
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region 34 surrounding them and containing the second 
ingredient as principal ingredient. The region 34 is prefer 
ably amorphous. 
[0103] While the cylinder-shaped structure parts 32 con 
tain the ?rst ingredient as principal ingredient, they may 
additionally contain other elements such as oxygen, argon 
and/or nitrogen so long as cylinder-shaped nano-structure 
parts are obtained. The expression of “principal ingredient” 
as used herein refers to the content ratio of the ?rst ingre 
dient in the cylinder-shaped structure parts that is not smaller 
than 80 atomic %, preferably not smaller than 90 atomic %. 

[0104] Similarly, the region 34 of the second ingredient 
surrounding the cylinder-shaped structure parts of the ?rst 
ingredient may additionally contain other elements such as 
oxygen, argon, nitrogen and/or hydrogen so long as cylin 
der-shaped nano-structure parts are established. The expres 
sion of principal ingredient as used herein refers to the 
content ratio of the second ingredient in the region surround 
ing the cylinder-shaped structure parts that is not smaller 
than 80 atomic %, preferably not smaller than 90 atomic %. 

[0105] (c) Formation of Pores 
[0106] Only the cylinder-shaped structure parts 32 of the 
?rst ingredient are selectively removed from the nano 
structure thin ?lm by etching as shoWn in FIG. 4C. As a 
result, only the region of the second ingredient having pores 
36 is left. Thus, a porous thin ?lm 35 of the second 
ingredient is produced. 
[0107] When the ?rst ingredient is aluminum and the 
second ingredient is silicon, solutions that can be used for 
Wet etching for the purpose of the present invention include 
those of acids such as phosphoric acid, sulfuric acid, hydro 
chloric acid and chromic acid that dissolve easily aluminum 
but hardly silicon. HoWever, solutions of alkalis such as 
sodium hydroxide solution may also be used if the use of 
such solutions is not disadvantageous for forming pores in 
the thin ?lm. There are no limitations to the type of acid and 
alkali solutions that can be used for the purpose of the 
present invention. Furthermore, a mixture of several acid 
solutions or several alkali solutions may also be used. The 
etching condition including solution temperature, solution 
density, duration and so on may be selected appropriately 
depending on the silicon nano-structure to be prepared. 

[0108] The steps (c‘-1) and (c‘-2) described beloW are not 
indispensable. In other Words, they may be employed 
depending on the second ingredient and the performance of 
the produced semiconductor device. (c‘-1) oxidation of 
nano-structure of second ingredient 

[0109] When the second ingredient is a semiconductor 
element such as silicon or germanium or some other elec 
trically conductive material, the obtained nano-structure 
having pores has to be transformed into an electrically 
non-conductive structure by Way of an oxidation process in 
order to electrically insulate it from the semiconductor 
devices in the pores. Additionally, When the nano-structure 
having pores is removed in a subsequent step as Will be 
described hereinafter, it also has to be subjected to an 
oxidation process so as to be transformed into a structure 
that can be etched out more quickly than the semiconductor 
device itself. 

[0110] As a result of this step, the porous ?lm 35 of the 
second ingredient becomes a porous ?lm 37 of oxide of the 
second ingredient, a shoWn in FIG. 4C‘. 
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[0111] When the second ingredient is silicon or germa 
nium, methods of oxidiZing the porous ?lm of the second 
ingredient produced from the step (c) that can be used for the 
purpose of the invention include heating in an oxygen 
atmosphere, heating in steam or air, anodiZation and expo 
sure to oxygen plasma. While the silicon oxide region 
contains silicon oxide as principal ingredient, it may addi 
tionally contain such as argon and/or nitrogen and oxides of 
elements. When the ?rst ingredient is aluminum and the 
second ingredient is silicon, the silicon content ratio of the 
silicon oxide region is not smaller than 80 atomic %, 
preferably not smaller than 85 atomic % relative to the total 
quantity of all the elements except oxygen. If the ?rst 
ingredient is aluminum, the aluminum content ratio is Within 
a range betWeen 0.01 and 20 atomic %, preferably betWeen 
0.1 and 10 atomic %, relative to the total quantity of all the 
elements except oxygen. While the silicon oxide of the 
silicon oxide nano-structure is preferably amorphous, it may 
be crystalliZed so as to make the structure contain crystalline 
silicon oxide. 

[0112] (c‘-2) Expansion of Pore Diameter 

[0113] This step of expanding the pore diameter may be 
conducted on the porous ?lm of the second ingredient after 
removing the cylinder-shaped material and the porous ?lm 
of oxides. 

[0114] Apore Widening process (pore diameter expanding 
process) of immersing the porous ?lm of the second ingre 
dient or oxide of the second ingredient in a solution adapted 
to dissolve the second ingredient or oxide of the second 
ingredient is used to expand the pore diameter. 

[0115] Solutions of any acids or alkalis may be used to 
expanding the pore diameter so long as the use of such a 
solution is not disadvantageous for expanding the pore 
diameter. A mixture of several solutions of different acids or 
alkalis may also be used for the purpose of the invention. For 
example, if the second ingredient is silicon, acidic solution 
obtained by diluting hydro?uoric acid or alkaline solution of 
sodium hydroxide may suitably be used as dissolving solu 
tion. The condition for expanding the pore diameter (in the 
pore Widening process) including solution temperature, 
solution density, duration and so on may be selected appro 
priately depending on the siZe of the pores to be produced. 

[0116] (d) Preparation of Semiconductor Parts of Semi 
conductor Devices 

[0117] The semiconductor parts 38 of the semiconductor 
devices (diodes in FIG. 4D) to be formed in the pores are 
generally not subjected to any particular limitations so long 
as they have one or more than one p-n junctions or p-i-n 
junctions, although they are preferably diodes or bipolar 
transistors. If they are diodes, they are more preferably those 
having a light-emitting feature such as light-emitting diodes 
or those having a light-detecting feature such as photo 
diodes. If, on the other hand, they are transistors, they are 
more preferably those having a light-detecting feature such 
as phototransistors. 

[0118] Materials that can be used for the semiconductor 
devices are also not subjected to any particular limitations so 
long as they are generally used for preparing semiconductor 
devices having one or more than one p-n junctions or p-i-n 
junctions. Examples of materials that can be used for the 
semiconductor devices include silicon and germanium. 
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Examples of materials that can be used for light-emitting 
diodes include gallium arsenide type materials (GaAs/ 
GaAlAs, GaAs/InGaAlP), gallium arsenide phosphide 
(GaAsP), gallium phosphide (GaP), indium phosphide and 
other compounds of III-V group elements that can be used 
as semiconductor device materials as Well as indirect tran 
sition type materials such as silicon carbide (SiC), direct 
transition type materials such as gallium nitride type mate 
rials (GaN/InGaAlN) and compounds of II-VI group ele 
ments such as Zinc selenide type materials (ZnSe/ZnSSe) 
that can also be used as semiconductor device materials. Of 
these, silicon that is popularly and broadly being used for 
semiconductor devices or gallium arsenide or gallium phos 
phide that is also popularly being used for light-emitting 
diodes is particularly preferable. 

[0119] Dopants that are suited for the semiconductor mate 
rial may be selected to selectively produce p-type and n-type 
semiconductors depending on the desired properties of the 
semiconductor devices to be manufactured. If, for example, 
silicon is used as semiconductor material, boron and phos 
phor are popularly used as dopants. If it is necessary to 
prepare a more functionally enhanced semiconductor 
device, a plurality of junction planes may be produced by 
replacing the dopants With different ones for a number of 
times. An intrinsic semiconductor material may be used 
Without adding any dopant. 

[0120] When III-V group compound is used as semicon 
ductor material, it is possible to prepare a junction type 
semiconductor devices by regulating the content ratio of the 
tWo elements to selectively produce a p-type semiconductor, 
an n-type semiconductor and an intrinsic semiconductor. 

[0121] The step of preparing semiconductor devices in the 
pores produced as a result of the step (c) can be conducted 
by using a method of groWing semiconductor crystal Without 
destructing the pore structure of the nano-structure. 

[0122] If the chemical vapor phase deposition (CVD) 
method is used, semiconductor devices can be prepared in an 
atmosphere of a rare gas such as argon, xenon, helium, neon 
or krypton, hydrogen, hydrocarbon, ?uorine, nitrogen, oxy 
gen or the like. The condition in Which a CVD process is 
conducted including gas ?oW rate, pressure and making 
poWer may be appropriately selected for the semiconductor 
material in question depending on the groWth rate of the 
semiconductor devices. In the case Where silicon semicon 
ductor devices are produced, the raW material gas to be used 
for the CVD process is selected from silane compounds 
including monosilane, disilane, trisilane and tetrasilane that 
are expressed by general formula SinH2n+2 (Where n is a 
natural number), silane ?uoride, organic silanes, hydrocar 
bons and germane compounds. As diluent gas, hydrogen, 
heavy hydrogen, ?uorine, chlorine, helium, argon, neon, 
xenon, krypton or nitrogen may be introduced With the raW 
material gas. When such gas is used, the addition of the 
diluent gas is effective When it is added to a ratio of 0.01 to 
100% (volume ratio) relative to the raW material gas, 
although the exact ratio is determined on the basis of the 
properties of the semiconductor devices to be prepared. 

[0123] The VLS method makes it easier to selectively 
form a semiconductor material in the pores if it is used 
instead of the CVD method. With the VLS method, gold 
particles are formed on the bottoms of the pores of the 
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nano-structure by electrodeposition and nano-Wires are 
made to groW out of organic metal gas, using the deposited 
gold particles as catalyst. 

[0124] The condition including temperature in Which the 
semiconductor parts of the semiconductor devices are 
formed in the pores may be appropriately selected depend 
ing on the semiconductor material in question. 

[0125] (e) Preparation of Upper Electrode 

[0126] As in the case of preparing the loWer electrode in 
the step (a), any appropriate process may be used for the step 
of preparing an electrode 39 in FIG. 4E on the top of the 
nano-structure in Which semiconductor devices are formed. 

[0127] Any material that conducts electricity Well may be 
used for the upper electrode. An appropriate value may be 
selected for the thickness of the upper electrode. 

[0128] When a number of loWer electrodes are arranged in 
parallel With each other at regular intervals on the surface of 
the substrate in the step (a) and a number of upper electrodes 
are arranged in parallel With each other so as to run in a 
direction perpendicular to the loWer electrodes on the sub 
strate in the step (e), the semiconductor device array can be 
driven sequentially (dynamic drive). It, is possible to use a 
single upper electrode Without patterning so that it may 
operate as common electrode for all the semiconductor 
devices. 

[0129] Finally, although not shoWn, a step as described 
beloW may be conducted after producing the upper electrode 
Whenever necessary. 

[0130] (Removal of Region of Second Ingredient or Oxide 
of Second Ingredient) 

[0131] The region 37 of the second ingredient or oxide of 
the second ingredient that surrounds the semiconductor 
devices may be removed to expose the semiconductor 
devices 38. Solutions that can be used for this step are same 
as those listed for the step (c‘-2) of expanding the pores. The 
condition including solution temperature, solution density, 
duration and so on in Which the operation of removing the 
surrounding amorphous region, leaving only the semicon 
ductor array main body of a crystalline semiconductor 
material and the electrodes, may be selected appropriately 
depending on the siZe of the prepared pores. 

[0132] To summarily reiterate the above description on the 
present invention, the present invention provides a novel 
semiconductor device obtained by highly densely arranging 
nano-semiconductor devices in array that are prepared by 
using a porous thin ?lm obtained by removing one of a 
plurality of ingredients of a nano-structure that shoW a 
eutectic relationship and also a method of manufacturing 
such a novel semiconductor device. 

[0133] NoW, the present invention Will be described fur 
ther by Way of examples, although they do not limit the 
scope of the present invention by any means. 

EXAMPLE 1 

[0134] In this example, silicon diodes Were prepared in a 
porous silicon oxide thin ?lm. More speci?cally, a silicon 
diode array as schematically shoWn in FIGS. 5A and 5B 
Was prepared. FIG. 5A is a schematic illustration of the 
entire array and FIG. 5B is an enlarged schematic illustra 
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tion of a nano-siZed part of the array of FIG. 5A. Reference 
symbol 106 denotes the thin ?lm portion comprising an 
array of nano-siZed diodes. 

[0135] (Preparation of LoWer Electrode) 

[0136] Referring to FIG. 5A, a gold ?lm Was deposited on 
a 1.1 mm thick 2 cm square glass substrate 103 to a thickness 
of 200 nm by evaporation and subsequently subjected to a 
patterning operation, Where the gold ?lm Was linearly etched 
by 10 pm in parallel With a side of the glass substrate at 
regular intervals of 100 pm so that strip-shaped metal 
electrodes 104 having a Width of 90 pm Were arranged at 
regular intervals. 

[0137] (Preparation of Porous Silicon Oxide Thin Film) 

[0138] Then, an aluminum/silicon mixture ?lm 105 Was 
formed on the glass substrate 103 to a thickness of 200 nm 
by magnetron sputtering. A target prepared by placing six 15 
mm square silicon chips on a circular aluminum target 
having a diameter of 4 inches (101.6 mm) Was used. The 
sputtering operation Was conducted 25. by using an RF 
poWer source under the condition of an Ar ?oW rate: 50 
sccm, a discharge pressure: 0.7 Pa and a making poWer: 300 
W. The substrate Was held to room temperature (25° C.). 

[0139] While a target prepared by placing six silicon chips 
92 on an aluminum target 91 as shoWn in FIG. 9 Was used, 
the number of silicon chips is by no means limited thereto. 
In other Words, the number of silicon chips may vary 
depending on the sputtering condition and should be 
selected so as to produce a desired structure, Which Will be 
described hereinafter. Additionally, the target is not neces 
sarily prepared by placing silicon chips on an aluminum 
target. For instance, a target prepared by placing aluminum 
chips on a silicon target or by sintering silicon and aluminum 
may alternatively be used. 

[0140] When an upper part and a cross section of the 
aluminum/silicon mixture ?lm Were observed through an 
FE-SEM, it Was found that cylinder-shaped aluminum struc 
ture parts Were tWo-dimensionally arranged and surrounded 
by a silicon region. The cylinder-shaped aluminum structure 
parts had a diameter of 6 nm and adj acently located structure 
parts Were separated by 8 nm in average When measured 
from center to center. The cylinder-shaped aluminum struc 
ture parts had a height of 200 nm and separated from each 
other by the silicon region. 

[0141] The composition of the elements in the aluminum/ 
silicon mixture ?lm prepared in this example Was analyZed 
by means of inductively coupled plasma emission spectrom 
etry (ICP). Note that a specimen formed on a carbon 
substrate Was used for the analysis. As a result, it Was found 
that the ratio of the partial quantity of silicon relative to the 
total quantity of silicon and aluminum Was 37 atomic %. In 
this Way, an aluminum/silicon mixture ?lm containing alu 
minum in the form of nano-pillars by 37 atomic % Was 
prepared. When the specimen Was observed by X-ray dif 
fractometry, no diffraction peaks of silicon that shoW crys 
tallinity of silicon Were found to prove that the silicon of the 
specimen Was amorphous. On the other hand, With respect to 
the aluminum a plurality of diffraction lines Were found to 
prove that the aluminum of the specimen Was crystalline. 

[0142] The obtained aluminum/silicon mixture ?lm con 
taining silicon by 37 atomic % relative to the total quantity 
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of aluminum and silicon Was immersed in 5 Wt % phospho 
ric acid for four hours to selectively etch only the cylinder 
shaped aluminum structure parts and produce pores. As a 
result, a porous silicon ?lm including nano-siZed pores 
running perpendicularly relative to the ?lm surface Was 
formed. 

[0143] Then, the porous silicon thin ?lm obtained as a 
result of the etching operation, using phosphoric acid, Was 
observed through an FE-SEM. When the surface Was vieWed 
from right above the substrate, it Was found that pores Were 
tWo dimensionally arranged and surrounded by a silicon 
region. The pores had a diameter of 6 nm and the average 
gap separating adj acently located pores Was 8 nm. When a 
cross section of the specimen Was observed through an 
FE-SEM, it Was found that the pores had a length of 200 nm 
and Were separated from each other by the silicon region and 
hence independent from each other. 

[0144] Thereafter, the obtained porous silicon thin ?lm 
Was heated in an oxygen atmosphere. More speci?cally, it 
Was heated at 800° C. for 2 hours, While oxygen Was made 
to How at a rate of 50 sccm under atmospheric pressure. As 
a result, silicon oxide Was produced. The produced silicon 
oxide Was con?rmed by means of spatially resolved electron 
energy loss spectroscopy (EELS). 

[0145] After the oxidation process, the porous thin ?lm 
Was observed through an FE-SEM. When the surface Was 
vieWed from right above the substrate, it Was found that 
pores Were tWo dimensionally arranged and surrounded by 
a silicon oxide region. The pores had a diameter of 5 nm and 
the average gap separating adjacently located pores Was 8 
nm. When a cross section of the specimen Was observed 
through an FE-SEM, it Was found that the pores had a length 
of 200 nm and Were separated each other by the silicon oxide 
region and hence independent from each other. 

[0146] Thus, a porous silicon oxide thin ?lm Was obtained. 

[0147] The silicon content ratio in the silicon oxide region 
Was determined by ICP. It Was about 90 atomic % relative 
to the total quantity of all the elements except oxygen. 

[0148] (Preparation of Silicon Diodes) 

[0149] Gold particles Were formed by electrodeposition on 
the gold electrodes at the bottom of the pores of the prepared 
porous silicon oxide thin ?lm. A commercially available 
electroplating solution (available from Kojundo Kagaku 
Kenkyusho Co., Ltd., commodity code: K-24E) Was used for 
the electrodeposition in an acidic bath (pH=4.5) held to 40° 
C. With a current density of 0.5 A/cm2. 

[0150] Subsequently, the porous silicon oxide thin ?lm 
Was placed in a quartZ tube and, after reducing the internal 
pressure to a pressure level not higher than 13 Pa, heated to 
440° C. While argon gas Was made to How there. Then, 
helium gas, to Which silane gas Was added to a content ratio 
of 10%, Was supplied at a How rate of 50 sccm for 60 
seconds. In this operation, diborane Was added to silane gas 
as dopant source for the former 30 seconds to make a loWer 
part of the silicon oxide p-type (101a) and phosphine Was 
added to silane gas as dopant source for the latter 30 seconds 
to make an upper part of the silicon oxide n-type (101c) so 
as to produce silicon pillars having a p-n junction 101b in the 
silicon in each of them, While the gold particles at the bottom 
of the pores Were used as catalyst. The duration of this step 
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was determined in a preliminary experiment that Was con 
ducted in advance. The porous silicon oxide thin ?lm, into 
Which silicon Was introduced in the above step, Was then 
polished at the surface thereof to remove the gold particles 
and the unnecessary silicon adhered. Thereafter, the 
obtained product Was observed through an FE-SEM to ?nd 
that silicon had been formed in the pores. When observed by 
X-ray diffractometry, diffraction lines attributable to crys 
talline silicon Were found to prove that the introduced silicon 
of the pillars Was crystalline. 

[0151] Then, a gold ?lm Was formed to a thickness of 200 
nm by sputtering on the top of the porous silicon oxide thin 
?lm containing silicon in the pores thereof that had been 
produced as a result of the above steps. Thereafter, 90 pm 
Wide strip-shaped upper gold electrodes 105 Were produced 
by patterning in such a Way that the upper gold electrodes 
105 run in a direction perpendicular to the gold electrodes at 
the bottom. 

[0152] As a result of the above steps, a diode array, in 
Which about 1.3><108 (1.1><104><1.1><104) diodes share a 
same electrode as a group of diodes arranged Within each 
region having a Width of 90 pm, Was produced. 

[0153] (Con?rmation of Rectifying Function) 

[0154] After putting a mask on the product so that the 
silicon oxide may not be directly exposed to light, one of the 
loWer electrodes 104 on the glass substrate 103 and one of 
the upper electrodes 105 on top of the porous silicon oxide 
thin ?lm Were selected and a variable voltage Was applied 
thereto. Then, the electric current ?oWing betWeen the 
selected electrodes Was gauged. Several pairs of electrodes 
Were selected and subjected to a similar test to ?nd that all 
the selected pairs produced a substantially same result. FIG. 
6 illustrates a typical result. Substantially no electric current 
?oWed backWardly When an inverse voltage Was applied, 
Whereas an electric current started to How forWardly When 
the applied voltage got to about 0.7V. Neither a leakage 
current nor dielectric destruction Was observed to prove that 
the specimen had a rectifying function. 

[0155] Thus, it Was con?rmed that a diode array compris 
ing diodes that Were arranged in a porous silicon oxide thin 
?lm and operated properly Was prepared. 

[0156] (Con?rmation of Function of Photodiodes) 

[0157] One of the loWer electrodes 104 on the glass 
substrate and one of the upper electrodes 105 on the top of 
the porous silicon oxide thin ?lm Were sequentially selected 
to form pairs, to each of Which an inverse voltage of 10V 
Was applied and the produced electric current Was observed. 
Thereafter, the mask Was peeled off and the electric current 
Was observed again, irradiating light on the porous silicon 
oxide thin ?lm stepWise With several different levels of 
illuminance. Several pairs of electrodes Were selected and 
subjected to a similar test to ?nd that all the selected pairs 
produced a substantially same result. FIG. 7 illustrates a 
typical result. The electric current increased in proportion to 
the illuminance of light to prove that the diodes operated as 
photodiodes. 

[0158] Thus, it Was con?rmed that a diode array compris 
ing diodes that Were arranged in a porous silicon oxide thin 
?lm and adapted to operate as photodiodes Was prepared. 
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EXAMPLE 2 

[0159] In this example, the diodes Were made to have an 
extended diameter. Aporous silicon thin ?lm having a pore 
structure similar Was prepared as in Example 1. 

[0160] Then, the structure Was immersed in a 1 mol/L 
solution of sodium hydroxide held to 25° C. for 30 minutes 
in order to expand the pores. 

[0161] After expanding the pore diameter, the porous 
silicon thin ?lm Was observed through an FE-SEM to ?nd 
that the pores Were arranged tWo-dimensionally and sur 
rounded by a silicon region. When observed, the pores had 
a diameter of 6 nm and the average gap separating adj acently 
located pores Was 8 nm. It Was also found that the pores had 
a length of 200 nm and Were separated each other by the 
silicon oxide region and hence independent from each other. 
When the specimen Was observed by X-ray diffractometry, 
no silicon peaks that shoW crystallinity of silicon Were found 
to prove that the silicon of the specimen Was amorphous. 

[0162] Thereafter, the porous silicon thin ?lm Was oxi 
diZed as in Example 1 to produce a porous silicon oxide thin 
?lm and silicon diodes Were formed in the pores. 

[0163] Avoltage Was applied to each of the selected pairs 
of electrodes of the semiconductor device and observed the 
electric current as in Example 1 to ?nd that practically no 
electric current ?oWed When an inverse voltage is applied as 
in Example 1, Whereas an electric current started to How 
When a forWard voltage of about 0.7V Was applied. When a 
voltage of 4V Was applied it Was con?rmed that a diode 
array of diodes Whose electric current is greater than that of 
the diodes of Example 1 by about 50 pA had been prepared. 

[0164] As a result of adding a step of expanding the 
diameter of the pores, it Was possible to increase the electric 
current of the diodes. 

EXAMPLE 3 

[0165] In this example, silicon diodes Were prepared by 
removing the porous silicon oxide thin ?lm that had con 
tained the silicon diodes. 

[0166] A0.3 mm thick 2 cm square gold plate Was used in 
place of a glass substrate so as to make it operate also as 
loWer electrode. The upper electrode Was not subjected to 
patterning and hence a single upper electrode Was used. 
OtherWise, the steps of Example 1 Were folloWed to prepare 
a semiconductor device. 

[0167] Then, the semiconductor device Was dipped into a 
2% solution of hydro?uoric acid and left there quietly for 1 
minute. Then, it Was taken out quietly from the solution and 
Washed With distilled Water. Thereafter, it Was made to dry 
spontaneously. When observed through an FE-SEM, it Was 
found that cylinder-shaped structure parts Were neatly 
arranged betWeen the upper electrode and the substrate. 

[0168] Avoltage Was applied betWeen the upper electrode 
and the substrate to see the electric characteristics of the 
specimen as in Example 1. 

[0169] The obtained result Was essentially same as that of 
Example 1 to prove that the electric characteristics of the 
diodes are not adversely affected When a process of remov 
ing the porous silicon oxide thin ?lm Was conducted. 
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[0170] Thus, a diode array Whose surface Was exposed 
Was prepared. 

EXAMPLE 4 

[0171] In this example, silicon diodes Were formed in a 
porous germanium oxide ?lm. 

[0172] A silicon diode array as schematically shoWn in 
FIGS. 5A and 5B Were prepared by using a porous germa 
nium oxide thin ?lm in place of the porous silicon oxide thin 
?lm of Example 1. 

[0173] (Preparation of LoWer Electrode) 

[0174] Referring to FIG. 5A, a gold ?lm Was deposited on 
a 1.1 mm thick 2 cm square glass substrate 103 to a thickness 
of 200 nm by evaporation and subsequently subjected to a 
patterning operation, Where the gold ?lm Was linearly etched 
by 10 pm in parallel With a side of the glass substrate at 
regular intervals of 100 pm so that strip-shaped metal 
electrodes 104 having a Width of 90 pm Were arranged at 
regular intervals. 

[0175] (Preparation of Porous Germanium Oxide Thin 
Film) 
[0176] Then, an aluminum/germanium mixture ?lm Was 
formed on the glass substrate 103 to a thickness of 200 nm 
by magnetron sputtering. A target prepared by placing four 
15 mm square germanium chips on a circular aluminum 
target having a diameter of 4 inches (101.6 mm) Was used. 
The sputtering operation Was conducted by using an RF 
poWer source under the condition of an Ar ?oW rate: 50 
sccm, a discharge pressure: 0.7 Pa and a making poWer: 300 
W. The substrate Was held to room temperature (25° C.). 

[0177] While a target prepared by placing four germanium 
chips on an aluminum target Was used, the number of 
germanium chips is by no means limited thereto. In other 
Words, the number of germanium chips may vary depending 
on the sputtering condition and should be selected so as to 
produce a desired structure, Which Will be described here 
inafter. Additionally, the target is not necessarily prepared by 
placing germanium chips on an aluminum target. For 
instance, a target prepared by placing aluminum chips on a 
germanium target or by sintering germanium and aluminum 
may alternatively be used. 

[0178] When an upper part and a cross section of the 
aluminum/germanium mixture ?lm Were observed through 
an FE-SEM, it Was found that cylinder-shaped aluminum 
structure parts Were tWo-dimensionally arranged and sur 
rounded by a germanium region. The cylinder-shaped alu 
minum structure parts had a diameter of 12 nm and adja 
cently located structure parts Were separated by 15 nm in 
average When measured from center to center. The cylinder 
shaped aluminum structure parts had a height of 200 nm and 
separated from each other by the germanium region. 

[0179] The composition of the elements in the aluminum/ 
germanium mixture ?lm prepared in this example Was 
analyZed by means of inductively coupled plasma emission 
spectrometry (ICP). As a result, it Was found that the ratio of 
the partial quantity of germanium relative to the total 
quantity of germanium and aluminum Was 37 atomic %. In 
this Way, an aluminum/germanium mixture ?lm containing 
aluminum in the form of nano-pillars by 37 atomic % Was 
prepared. When the specimen Was observed by X-ray dif 
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fractometry, no diffraction peaks of germanium that shoW 
crystallinity of germanium Were found to prove that the 
germanium of the specimen Was amorphous. On the other 
hand, With respect to the aluminum a plurality of diffraction 
lines Were found to prove that the aluminum of the specimen 
Was crystalline. 

[0180] The obtained aluminum/germanium mixture ?lm 
containing germanium by 37 atomic % relative to the total 
quantity of aluminum and germanium Was immersed in 5 Wt 
% phosphoric acid for four hours to selectively etch only the 
cylinder-shaped aluminum structure parts and produce 
pores. As a result, a porous germanium ?lm including 
nano-siZed pores running perpendicularly relative to the ?lm 
surface Was formed. 

[0181] Then, the porous germanium thin ?lm obtained as 
a result of the etching operation, using phosphoric acid, Was 
observed through an FE-SEM. When the surface Was vieWed 
from right above the substrate, it Was found that pores Were 
tWo dimensionally arranged and surrounded by a germanium 
region. The pores had a diameter of 12 nm and the average 
gap separating adjacently located pores Was 15 nm. When a 
cross section of the specimen Was observed through an 
FE-SEM, it Was found that the pores had a length of 200 nm 
and Were separated from each other by the germanium 
region and hence independent from each other. 

[0182] Thereafter, the obtained porous germanium thin 
?lm Was heated in an oxygen atmosphere. More speci?cally, 
it Was heated at 800° C. for 2 hours, While oxygen Was made 
to How at a rate of 50 sccm under atmospheric pressure. As 
a result, germanium oxide Was produced. The produced 
germanium oxide Was con?rmed by means of spatially 
resolved electron energy loss spectroscopy (EELS). 

[0183] After the oxidation process, the porous thin ?lm 
Was observed through an FE-SEM. When the surface Was 
vieWed from right above the substrate, it Was found that 
pores Were tWo dimensionally arranged and surrounded by 
a germanium oxide region. The pores had a diameter of 11 
nm and the average gap separating adjacently located pores 
Was 15 nm. When a cross section of the specimen Was 
observed through an FE-SEM, it Was found that the pores 
had a length of 200 nm and Were separated each other by the 
germanium oxide region and hence independent from each 
other. 

[0184] Thus, a porous germanium oxide thin ?lm Was 
obtained. 

[0185] The germanium content ratio in the germanium 
oxide region Was determined by ICP. It Was about 90 atomic 
% relative to the total quantity of all the elements except 
oxygen. 

[0186] (Preparation of Silicon Diodes) 

[0187] Gold particles are formed by electrodeposition on 
the gold electrodes at the bottom of the pores of the prepared 
porous germanium oxide thin ?lm. A commercially avail 
able electroplating solution (available from Kojundo 
Kagaku Kenkyusho Co., Ltd., commodity code: K-24E) Was 
used for the electrodeposition in an acidic bath (pH=4.5) 
held to 40° C. With a current density of 0.5 A/cm2. 

[0188] Subsequently, the porous germanium oxide thin 
?lm Was placed in a quartZ tube and, after reducing the 
internal pressure to a pressure level not higher than 13 Pa, 
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heated to 440° C. While argon gas Was made to How there. 
Then, helium gas, to Which silane gas Was added to a content 
ratio of 10%, Was supplied at a How rate of 50 sccm for 60 
seconds. In this operation, diborane Was added to silane gas 
as dopant source for the former 30 seconds to make a loWer 
part of the silicon oxide p-type (101a) and phosphine Was 
added to silane gas as dopant source for the latter 30 seconds 
to make an upper part of the silicon oxide n-type (101c) so 
as to produce silicon pillars having a p-n junction 101b in the 
silicon in each of them, While the gold particles at the bottom 
of the pores Were used as catalyst. The duration of this step 
Was determined in a preliminary experiment that Was con 
ducted in advance. The porous germanium oxide thin ?lm, 
into Which silicon Was introduced in the above step, Was 
then polished at the surface thereof to remove the gold 
particles and the unnecessary silicon adherend. Thereafter, 
the obtained product Was observed through an FE-SEM to 
?nd that silicon had been formed in the pores. When 
observed by X-ray diffractometry, diffraction lines attribut 
able to crystalline silicon Were found to prove that the 
introduced silicon diode of the pillars Was crystalline. 

[0189] Then, a gold ?lm Was formed to a thickness of 200 
nm by sputtering on the top of the porous germanium oxide 
thin ?lm containing silicon in the pores thereof that had been 
produced as a result of the above steps. Thereafter, 90 pm 
Wide strip-shaped upper gold electrodes 105 Were produced 
by patterning in such a Way that the upper gold electrodes 
105 run in a direction perpendicular to the gold electrodes at 
the bottom. 

[0190] As a result of the above steps, a diode array, in 
Which about 3.6><107 (6.0><103><6.0><103) diodes shares a 
same electrode as a group of diodes arranged Within each 
region having a side of 90 pm, Was produced. 

[0191] (Con?rmation of Rectifying Function) 
[0192] The electric current running through the obtained 
semiconductor device Was observed by applying a voltage as 
in Example 1 to ?nd that practically no electric current 
?oWed When an inverse voltage Was applied Whereas an 
electric current started to How forWardly When the applied 
voltage got to about 0.7V. When a voltage of 4V Was 
applied, it Was con?rmed that a diode array of diodes Whose 
electric current is greater than that of the diodes of Example 
1 by about 40 pA had been prepared. 

EXAMPLE 5 

[0193] In this example, p-i-n type light-emitting diodes 
Were formed in a porous silicon oxide thin ?lm. 

[0194] Aporous silicon oxide thin ?lm Was prepared as in 
Example 1 except that gold Was deposited by evaporation to 
a thickness of 200 nm on the entire surface of a substrate to 
form a loWer electrode Without any pattern operation. 

[0195] Then, gold particles Were formed on the bottom of 
the pores as in Example 1. Thereafter, the porous silicon thin 
?lm Was placed in a quartZ tube, in Which a target containing 
indium phosphide by 99% and Zinc by 1% had been 
arranged at the focal position of an Nd-YAG laser (Wave 
length: 1064 nm, average 2.5 W) in advance. Then the 
porous silicon ?lm Was heated to 800° C., While argon gas 
Was made to How there at a rate of 100 sccm under a pressure 
of 1.3><104 Pa, and a laser beam Was irradiated onto the 
target for 10 seconds. Subsequently, a laser beam Was 

Aug. 12, 2004 

irradiated onto a target containing indium phosphide by 
100% for a second in the same condition. Thereafter, the 
target Was replaced With one containing indium phosphide 
by 99% and tellurium by 1% and irradiated With a laser 
beam for 10 seconds in the same condition. The duration of 
each laser irradiation in this step Was determined in a 
preliminary experiment that Was conducted in advance. As 
a result of the above described step, pillars of indium 
phosphide, each having three layers including a layer of 
p-type indium phosphide formed by using Zinc as dopant, a 
layer of indium phosphide formed Without using any dopant 
and a layer of n-type indium phosphide formed by using 
tellurium as dopant that Were arranged on the substrate in the 
above mentioned order, hence including a p-i-n junction, 
Were produced by using the gold particles on the bottom of 
the pores as catalyst. The porous silicon oxide thin ?lm Was 
then polished at the surface thereof to remove the unneces 
sary indium phosphide adhered. Thereafter, the obtained 
product Was observed through an FE-SEM to ?nd that 
indium phosphide had been formed in the pores. When 
observed by X-ray diffractometry, diffraction lines attribut 
able to crystalline indium phosphide Were found to prove 
that the introduced indium phosphide of the pillars Was 
crystalline. 

[0196] Then, indium tin oxide (ITO) Was deposited to a 
?lm thickness of 200 nm on the top of the produced porous 
silicon oxide thin ?lm, Which contained indium phosphide in 
the pores thereof, by means of sputtering to consequently 
cover the top of the thin ?lm With a transparent electrode. 

[0197] When a forWard voltage of 2V Was applied 
betWeen the upper and loWer electrodes of the diode array, 
it Was found that infrared rays Were emitted from the entire 
surface of the porous silicon thin ?lm With a Wavelength of 
about 800 nm. 

[0198] As a result, it Was con?rmed that there had been 
produced a light-emitting diode array containing p-i-n type 
indium phosphide diodes in the porous silicon oxide ?lm 
that operated as light-emitting diodes. 

EXAMPLE 6 

[0199] In this example, phototransistors Were formed in a 
porous silicon oxide thin ?lm. 

[0200] Aporous silicon oxide thin ?lm Was prepared as in 
Example 1 and then p-n-p type silicon transistors, each 
having tWo p-n junctions, Were formed in the pores of the 
thin ?lm. The technique used in Examples 1 through 4 for 
forming p-type silicon and n-type silicon Was also used in 
this example. Thereafter, the obtained product Was observed 
through an FE-SEM to ?nd that silicon had been formed in 
the pores as in Examples 1 through 4. When observed by 
X-ray diffractometry, diffraction lines attributable to crys 
talline silicon Were found to prove that the introduced silicon 
of the pillars Was crystalline. 

[0201] Then, indium tin oxide (ITO) Was deposited to a 
?lm thickness of 200 nm on the top of the produced porous 
silicon oxide thin ?lm, Which contained silicon in the pores 
thereof, by means of sputtering to form a transparent elec 
trode, Which Was then subjected to a patterning operation to 
produce 90 pm Wide strip-shaped upper electrodes 105 
running in a direction perpendicular to the direction of the 
gold electrodes at the bottom. 






